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Microapocrine vesicles bud from the lepidopteran midgut microvilli as double membrane vesicles. To
identify the proteins secreted by this process, antibodies raised against isolated microapocrine vesicles
from Spodoptera frugiperda were used for screening a midgut cDNA expression library. Positive clones
were sequenced, assembled and N blasted against S. frugiperda sequences obtained by pyrosequencing
midgut mRNA. This procedure led to the extension of microapocrine sequences that were annotated. A
similar procedure was used to identify midgut microvillar proteins that necessarily are part of the micro-
apocrine vesicle. Forty-eight proteins were associated with microvillar membranes. They pertain to 8
functional groups: digestive enzymes, peritrophic membrane, protection, transporters, receptors, secre-
tory machinery, cytoskeleton and signaling, and unknown. Twenty-eight proteins are putatively secreted
by microapocrine secretion. Most of them are digestive enzymes, but the list also includes proteins
involved in protection and in peritrophic membrane formation. Among the identiﬁed digestive enzymes,
aminopeptidases are typically microvillar and group into the classes 1, 2, 3, 5, and 6. There are two amy-
lases secreted by microapocrine secretion: one is a digestive enzyme and the other is a transporter-like
amylase with no clear function. One lipase has a predicted transmembrane loop, whereas the others are
supposed to be secreted by microapocrine secretion and be digestive. Trypsin is membrane bound and is
delivered by microapocrine secretion, but has no predicted features to bind membranes. It may remain
bound through the signal peptide till be delivered into the midgut lumen. Proteins supposed to be
involved in the microapocrine secretory machinery were: calmodulin, annexin, myosin 7a, and gelsolin
1. Their putative roles are discussed, but more research is necessary to settle this subject.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
There are several mechanisms by which the contents of the
secretory vesicles are freed in the midgut lumen. In holocrine
secretion, secretory vesicles are stored in the cytoplasm until they
are released, at which time the whole secretory cell is lost to the
extracellular space. During exocytic secretion, secretory vesicles
fuse with the midgut cell apical membrane emptying their con-
tents without any loss of cytoplasm. In contrast, apocrine secretion
involves the loss of at least 10% of the apical cytoplasm following
the release of secretory vesicles. These have previously undergone
fusions originating larger vesicles that after release eventually free
their contents by solubilization. When the loss of cytoplasm is very
small, the secretory mechanism is called microapocrine. Microapo-
crine secretion consists in releasing budding double-membrane
vesicles or, at least in lepidopteran midguts, pinched-off vesicles
that may contain a single or several secretory vesicles. In both
cases the secretory vesicle contents are released by membranesevier OA license.fusion and/or by membrane solubilization caused by high pH con-
tents or by luminal detergents (Terra and Ferreira, 2012).
Exocytic, apocrine, and microaprocrine secretory mechanisms
depend largely on midgut regions. Digestive enzymes are usually
secreted by exocytosis in the posterior midgut, whereas alternate
mechanisms like apocrine and microapocrine secretion may be ob-
served in anterior midgut. Thus, trypsin is secreted by the posterior
midgut of adult mosquitoes (Graf et al., 1986), larval ﬂies (Jordão
et al., 1996), and caterpillars (Jordão et al., 1999) by exocytosis,
as well as, b-glycosidase by Tenebrio molitor middle midguts
(Ferreira et al., 2002). Trypsin is secreted by the anterior midgut
of caterpillars using a microapocrine route (Santos et al., 1986;
Jordão et al., 1999), whereas in the anterior midgut of T. molitor
amylase secretion occurs by an apocrine mechanism (Cristofoletti
et al., 2001). Based only on morphological evidence, one may
say that, in addition to Erinnyis ello and Spodoptera frugiperda,
microapocrine secretion occurs in other lepidopteran species, such
as Manduca sexta (Ciofﬁ, 1979), whereas apocrine secretion is
observed in some Orthoptera and in many coleopteran species
other than T. molitor (Terra and Ferreira, 1994).
The molecular mechanisms underlying the insect midgut
secretory processes are unknown. Nevertheless, there is suggestive
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unique microapocrine process (Ferreira et al., 2007). This area of
research deserves more effort, because it may provide insights
regarding new control procedures.
In order to identify the proteins secreted and those responsible
for the secretory machinery, a possible approach would be disclos-
ing the proteins associated with the microapocrine vesicles. Meth-
ods for preparing these vesicles have been published (Ferreira
et al., 1994). There are two major approaches to identify proteins
expressed in a tissue: transcriptome and proteome. In the case of
a tissue fraction, like the microapocrine vesicles released by micro-
villi from lepidopteran midguts, the transcriptomics approach can-
not be used because it is not possible to isolate a group of mRNAs
(and hence to prepare a cDNA library) that expresses only micro-
apocrine vesicle proteins. Massive random sequencing of midgut
tissue cDNA libraries is not an alternative procedure. There is no
way to recognize, among the ESTs, those related with microapo-
crine vesicle proteins. The proteomics approach is then the method
of choice. The proteomics approach is based on the resolution of
the microvillar proteins and mass spectrometry for identiﬁcation.
A novel approach was described to identify proteins associated
with a cell fraction, particularly microvillar proteins. The method
consists in using microvillar proteins to generate antibodies that
were employed to screen an expression cDNA library, followed
by sequencing the positive clones and searching for similarities
in databases (Ferreira et al., 2007). The advantages of the method
over the proteomic approach are: (a) the sequences of the cloned
genes that correspond to microvillar proteins permit identiﬁcation
by similarity searches in data banks, even if sequences of the spe-
ciﬁc (or a close related) organism under study are lacking; (b) the
clones permit obtaining the complete gene sequences that may be
used in functional studies regarding the role of the proteins, which
sequences have no match in the data banks or that match with pro-
teins with unknown functions.
The proteomics approach is limited by solubility problems
affecting many proteins and by occasional failures of protein bands
in originating useful mass spectra and by the quality of peptide
mass ﬁngerprints obtained when the sequences of the speciﬁc
organism under study are not abundant in the data bases (frequent
among insects) (Krishnamoorthy et al., 2007). The immuno-
screeningmethod has also some possible source of errors: (a) unde-
tected proteins because of lack reacting antibodies caused by
extremely low amounts of antigens or because they were not en-
ough immunogenic; (b) contaminants detected because they are
highly immunogenic; (c) non-microvillar proteins detected because
they share epitopes or were accidentally associated with microvil-
lar proteins; (d) failure of inserted-cDNA-phage expression. In spite
of the limitations discussed above, both methods allowed the char-
acterization of a substantial number of midgut microvillar proteins
of different taxa (Candas et al., 2003; McNall and Adang, 2003;
Krishnamoothy et al., 2007; Ferreira et al., 2007; Bayyareddy
et al., 2009; Popova-Butler and Dean, 2009; Pauchet et al., 2009).
This study describes the immunoscreening of a S. frugiperda
expression midgut cDNA library with antibodies against isolated
microapocrine vesicle proteins. Sequences obtained together with
data obtained by pyrosequencing S. frugiperda midgut mRNA were
used to identify the proteins secreted and those putatively in-
volved in the secretory machinery.2. Materials and methods
2.1. Animals
S. frugiperda (Lepidoptera: Noctuidae) were laboratory reared
according to Parra (1986). The larvae were individually containedin glass vials with a diet based on kidneys beans (Phaseolus vulga-
ris), wheat germ, yeast, and agar, and were maintained under a
natural photoregime at 25 C. Adults were fed a 10% honey
solution. Fifth (last)-instar larvae of both sexes were used in the
determinations.
2.2. Preparation of samples of microapocrine vesicles, midgut tissue,
peritrophic membrane with contents, and midgut microvilli
Larvae were immobilized by placing them on ice, after which
they were rinsed in water and blotted with ﬁlter paper. Their guts
were dissected in cold 125 mM NaCl, and the peritrophic mem-
brane with contents and the midgut tissue were pulled apart.
The midgut tissue was suspended above a centrifuge tube and
rinsed with a 125 mM NaCl solution. This rinsing saline has been
previously shown to correspond to ectoperitrophic contents
(Ferreira et al., 1994). The rinsing saline was then centrifuged at
600g for 10 min at 4 C. The resulting supernatant was centrifuged
at 25,000g for 30 min at 4 C. The pellet was suspended in Milli-Q
water and labeled microapocrine vesicles.
Midgut tissue and peritrophic membrane with contents were
homogenized in Milli-Q water with the aid of a Potter–Elvehjem
homogenizer. After that, the peritrophic membrane with contents
were centrifuged at 10,000g for 10 min at 4 C. The supernatant
was used in all cases, except when otherwise indicated.
Microvilli were isolated from midgut tissue with a procedure
derived from that of Schmitz et al. (1973), as detailed in Ferreira
et al. (2007). The preparations could be stored for at least 3 months
at 20 C without noticeable change in the activity of the enzymes
assayed.
2.3. Enzyme assays
Aminopeptidase and trypsin were assayed in 50 mM Tris–HCl
buffer (pH 7.5) using, respectively, 1 mM L-leucyl-p-nitroanilide
(LpNA) or 1 mM a-N-benzoyl-DL-arginine-p-nitroanilide (BAPA),
according to Erlanger et al. (1961). Amylase was measured by
determining the appearance of reducing groups (Noelting and
Bernfeld, 1948) in 50 mM glycine–NaOH buffer at pH 9.5 with
0.5% (w/v) starch as substrate in the presence of 10 mM NaCl.
Carboxypeptidase A was determined using 15 mM N-carboben-
zoxy-glycyl-L-phenylalanine (ZGlyPhe) in 50 mM Tris–HCl buffer
pH 8 in the presence of 50 mM NaCl (Ferreira et al., 1994).
Cellobiase and maltase were assayed according to Dahlqvist
(1968), using 7 mM cellobiose and 7 mM maltose in 50 mM so-
dium citrate–phosphate buffer pH 7.0 and pH 5.0, respectively.
Incubations were carried out at 30 C for at least four different
time periods, and initial rates of hydrolysis were calculated. All as-
says were performed under conditions that the product was pro-
portional to enzyme concentration and to incubation time.
Controls without enzyme and others without substrate were in-
cluded. One enzyme unit is the amount that hydrolyses 1 lmol
of substrate (or bond) per min. Enzyme activities are expressed
in milli units (mU).
2.4. Electron microscopy
Micropocrine vesicles preparations were centrifuged and the
resulting pellets and midgut tissues were then ﬁxed in 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer (pH 7.4) and picric acid for 2 h.
The samples were post-ﬁxed in 1% osmium tetroxide, then
dehydrated in an ethanol series and embedded in LR White acrylic
resin (Electron Microscopy Sciences, Ft Washington, USA), cut into
ultrathin sections, stained with uranyl acetate and lead citrate
(Reynolds, 1963) and, ﬁnally, examined in a Zeiss EM 109 electron
microscopy.
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The pre-immune blood of all the rabbits used to raise antibodies
was non-reactive against proteins of insect midgut and Escherichia
coli XL1-Blue. Antibodies were raised as follows. One mL of an apo-
crine vesicle protein preparation were dispersed with an equal vol-
ume of Freund’s complete adjuvant. This suspension (containing
5 mg of the microapocrine vesicle proteins) was then injected into
the inguinal nodes of a rabbit. After 4 weeks, another injection of
the same sample with 4 mg was administered, but now with
Freund’s incomplete adjuvant. After 7 days the rabbit was bled
and antibodies were puriﬁed by precipitation with ammonium
sulfate as detailed elsewhere (Ferreira et al., 2007). The resulting
antiserum was stored at 20 C. Antibody production and speciﬁc-
ity was checked on Western blots after SDS–PAGE.
2.6. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) and Western blotting
SDS–PAGE of samples was carried out in 12% (w/v) polyacryl-
amide gels containing 0.1% (w/v) SDS, on a discontinuous pH
system (Laemmli, 1970), using BioRad (USA) Mini-Protein II equip-
ment, as previously described (Ferreira et al., 2007).
Immunoblotting was performed as follows. After SDS–PAGE, the
proteins were electrophoretically transferred onto a nitrocellulose
membrane ﬁlter (pore size 0.45 mm; BioRad, USA) (Towbin et al.,
1979). The transfer efﬁciency was evaluated by observing the
pre-stained molecular weight markers (BioRad or Sigma, USA).
Other details as in Jordão et al. (1996). Pre-immune serum was
used in control experiments to show that antisera were speciﬁc
2.7. Midgut cDNA library construction and screening
Total RNA was extracted from midgut tissue of S. frugiperda lar-
vae with Trizol (see above) and sent to Stratagene (La Jolla, CA), in
order to construct a cDNA library. At Stratagene the mRNAs were
isolated, divided into two equal samples and used in cDNA synthe-
sis with a poly-T and a random primer. Finally, the two cDNA pools
were mixed (1:1) and non-directionally inserted in the vector k ZA-
PII. The library titer is 1.5  1010 pfu ml1. The screening was made
using antibodies raised against microapocrine vesicle proteins in
rabbits, following the library manufacturer protocol (picoBlueTM
immunoscreening kit, Stratagene) instructions in nitrocellulose
membranes. Phages were platted at low density on an E. coli lawn,
to allow individual collection of positive phage plaques. The inserts
of cloned cDNA were excised from the phages and inserted into
pBluescript plasmids (following Stratagene cDNA library protocol)
and checked for the presence of insert using PCR reaction with pri-
mer M13 forward (50 CCC AGT CAC GAC GTT GTA AAA CG 30) and
M13 reverse (50 AGC GGA TAA CAA TTT CAC AÇA GG 30) at standard
conditions for the TAQ DNA Polymerase (Invitrogen), except for
annealing temperature at 50 C for 45 s. The 50 end of ampliﬁed
PCR product was sequenced in an automatic DNA sequencer ‘‘ABI
3100’’ (Applied Biosystems) performed with the DNA kit Big Dye
Terminator Cycle sequencing (Applied Biosystems). All clones were
sequenced once using a T3 primer. Random sequencing of cDNA li-
brary was used as a control of its quality.
2.8. Annotation of contigs obtained by immunoscreening and by cDNA
pyrosequencing midgut samples
Total messenger RNA for cDNA transcription was extracted
from S. frugiperda midgut. cDNA pyrosequencing of the samples
was then performed using a platform 454 Genome Sequencer
FLX (454 Life Sciences/Roche), following the standard procedure.
Pyrosequencing of cDNA library generated 253,998 reads withaverage size of 361 bp. The resulting ﬁles (sff) containing all reads
were processed by GS De Novo Assembler (Newbler), forming 3675
contigs. These and the contigs formed with the Sanger procedure
described in Section 2.6 were annotated with the aid of the dCAS
software (http://exon.niaid.nih.gov), which deletes vector se-
quences, assembles contigs and performs BLASTx in databanks
(nr, pfam, GO). The number of contigs obtained by pyrosequencing
reduces to 3229 after processing with the dCAS. The annotation of
selected sequences was conﬁrmed by multiple alignments (Bioedit
version 7.1.3.0, Hall, 1999) with reference sequences.
Sequences obtained by immunoscreening (labeled microapo-
crine sequences) were Blasted N against the S. frugiperda sequences
originating from pyrosequencing midgut mRNA. Sequences were
considered to be the same if e-values were <1010 and identity
>95%. Occasionally, identity was checked by multiple alignments.
This procedure led to the extension of microapocrine sequences.
Microapocrine sequences that have no homologous sequences
among those obtained by pyrosequencing, all corresponding to
clusters with a single EST, were discarded.2.9. Computational analysis
The prediction of sequence features was done as follows:
transmembrane loop (TMHMM Server v. 2.0, http://www.cbs.dtu.
dk/services/TMHMM/), GPI-anchoring (big-PI Predictor GPI, http://
mendel.imp.ac.at/gpi/gpi_server.html), signal peptide (SignalP 4.0
Server, http://www.cbs.dtu.dk/services/SignalP/), N-glycosylation
sites (NetNGlyc 1.0 Server, http://www.cbs.dtu.dk/services/
NetNGlyc/), o-glycosylation sites, (NetOGlyc 3.1 Server, http://
www.cbs.dtu.dk/services/NetOGlyc/)
Phylogenetic analysis using aminopeptidases, amylases or li-
pases sequencies were performed with the program MEGA 4.1
(Tamura et al., 2007). The cladogram of chosen sequences were in-
ferred using the neighbor-joining algorithm (Saitou and Nei, 1987)
and conﬁdence estimated with bootstrap (10,000 replicates)
(Felsenstein, 1985; Hillis and Bull, 1993). The bootstrap consensus
tree inferred from 10,000 replicates is taken to represent the
evolutionary history of the taxa analyzed (Felsenstein, 1985).
Branches corresponding to partitions reproduced in <50% boot-
strap replicates were collapsed.3. Results
3.1. Preparation and enzymology of microapocrine vesicles
Microapocrine vesicles have been prepared (Ferreira et al.,
1994; Bolognesi et al., 2001) before by using different ranges of
centrifugation of the ectoperitrophic ﬂuid. Furthermore, enzyme
speciﬁc activities have been determined in midgut tissue, micro-
villi and midgut contents also in different conditions, hampering
an appropriate comparison among their speciﬁc activities. This
led to the present re-investigation of microapocrine vesicle
enzymology.
The microapocrine vesicles are well preserved and their sizes
(about 0.25 lm) are similar to the vesicles budding from the
microvilli (Fig. 1). Table 1 shows that the speciﬁc activity of amino-
peptidase (APN) increases from midgut tissue to microvilli and
then decreases in the microapocrine vesicles and peritrophic mem-
brane (PM) contents. This indicates that APN is a microvillar en-
zyme that contaminates the microapocrine vesicles.
Amylase, carboxypeptidase, and trypsin speciﬁc activities in-
crease in all fractions from the midgut tissue to PM contents (Ta-
ble 1). This favors the view that these enzymes are truly present
in the microapocrine vesicles, contaminating the microvilli and
being accumulated in PM contents.
Fig. 1. Transmission electron microscopy of microapocrine vesicles obtained by
centrifuging the ectoperitrophic ﬂuid (top panel) and of the apex of a midgut cell
(bottom panel). Notice that the microapocrine vesicles (arrows, top panel) is of the
same size as the vesicles budding from the microvilli (arrows, bottom panel).
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tive to midgut tissue) in microvilli and PM contents and their spe-
ciﬁc activities in microapocrine vesicles are low. This suggests that
those enzymes are secreted by a route distinct from a microapo-
crine mechanism and that most of them are associated with the
cell surface, in agreement with their distribution among sub-cellu-
lar fractions (Ferreira et al., 1994).
3.2. Identiﬁcation of midgut microvillar proteins from S. frugiperda
Microapocrine vesicles on budding from microvilli necessarily
carry microvillar proteins. Thus, it is interesting to separate which
of the microapocrine vesicle proteins came from microvilli from
those actually being secreted by the microapocrine mechanism.Table 1
Speciﬁc activities (mU/mg protein) of digestive enzymes in different samples prepared fro
Enzyme Midgut tissue Microvill
Aminopeptidase 600 ± 80 3500 ± 3
Amylase 100 ± 15 400 ± 5
Carboxypeptidase A 33 ± 5 50 ± 1
Cellobiase 30 ± 5 9.1 ± 0
Maltase 800 ± 100 400 ± 4
Trypsin 0.90 ± 0.06 5.9 ± 0
Figures are means and SEM based on determinations performed in three different pr
membrane) contents and 50 larvae for microvilli and microapocrine vesicles.
* Assayed in the pellet where most activity was found.S. frugiperda microvillar proteins were previously identiﬁed in
our laboratory by immunoscreening a cDNA library with antibod-
ies against puriﬁed (cytoskeleton-free) microvillar membranes
(Ferreira et al., 2007). In spite of obtaining 137 unique sequences,
only clusters with two or more sequences (with a single exception)
were taken into account in that paper, resulting in only 27 se-
quences. The availability of S. frugiperda midgut mRNA pyrose-
quencing data, prompted us to re-analyze all unique sequences
obtained in that study, including those discounted. The procedure
used to accept, extend, and annotate the sequences were the same
as described for microapocrine vesicle sequences.
Forty-eight proteins are predicted to occur in S. frugiperda mid-
gut microvilli (Table 2). Other 18 were identiﬁed in microvilli prep-
arations, but were considered to be contaminants, because they are
typical of mitochondria (exempliﬁed by acyl-CoA dehydrogense,
succinyl-CoA synthetase, and ADP/ATP translocase) and other
non-microvillar cell parts (like 60S acidic ribosomal protein, gluta-
mate dehydrogenase) or because they are unknown. These pro-
teins are listed in Supplementary Table 1. Thus a total of 66
proteins were identiﬁed in microvilli preparations.
Fig. 2 shows microvillar proteins classiﬁed into 8 functional
groups: digestive enzymes, PM associated proteins (peritrophins),
protection, transporter, receptor, secretory machine components,
cytoskeleton and signaling, and unknown. Most sequences are
classiﬁed under digestive enzymes, PM associated proteins, protec-
tion, and secretory machine components. Among the digestive en-
zymes, the most represented proteins are aminopeptidases and
carboxypeptidase (Fig. 2). Both enzymes types include members
associated with the microvillar membrane by a GPI-anchor
(Table 2).
3.3. Identiﬁcation of microapocrine vesicle proteins from S. frugiperda
The microapocrine vesicles (see Section 3.1) were injected in
rabbits and the resulting antiserum was quite speciﬁc and recog-
nizes most major microapocrine vesicle proteins, as revealed by
Western blot (not shown).
The microapocrine vesicle protein antiserumwas used to screen
a cDNA expression library of S. frugiperdamidgut. The expected re-
sult was that clones recognized by the antibodies should corre-
spond to expressed microapocrine vesicle proteins. Five hundred
positive clones generated ESTs that, after trimming and quality
estimates were used in a positive frame to be clusterized with
CAP3 program, resulting in 51 contigs and 196 singlets. Sequences
obtained by immunoscreening (labeled microapocrine sequences)
were N blasted against the S. frugiperda sequences originating from
pyrosequencing midgut mRNA. This procedure led to the extension
of microapocrine sequences. Microapocrine sequences that have
no homologous sequences among those obtained by pyrosequenc-
ing were discarded and the same was done for sequences with no
hits in GenBank or having many predicted stop codons. The
accepted microapocrine sequences were annotated with the dCas
software and submitted to several computational tools.m S. fugiperda midguts.
i Microapocrine vesicles PM contents
00 2100 ± 300 140 ± 10
0 1100 ± 100 3100 ± 300*
0 70 ± 10 100 ± 20
.9 3.5 ± 0.8 2.4 ± 0.2
0 200 ± 20 47 ± 3
.7 32 ± 8 80 ± 5
eparations obtained from 10 larvae each for midgut tissue and PM (peritrophic
Table 2
Contigs coding for proteins found in microvillar membranes from Spodoptera frugiperda midguts.
Contig Reads Best NR protein match SP TL GPI N-gly O-gly Predicted protein Putative function Obs
420 2057 AAO13754.1|AF280891_1 alpha-
amylase [Spodoptera frugiperda]
Y N N N N Alpha-amylase Digestion Complete, M + V
656 520 EFN65223.1| aminoacylase-1
[Camponotus ﬂoridanus]
Y N N Y Y Aminoacylase Digestion Complete, M + V
546 3701 AAP44964.1| midgut class 1
aminopeptidase N [Spodoptera
exigua]
Y Y Y N Y Aminopeptidase Digestion Complete, M + V
663 588 AAT99437.1| aminopeptidase N
[Spodoptera exigua]
 N Y Y Y Aminopeptidase Digestion M + V
427 692 AAP37951.1| midgut aminopeptidase
N2 [Helicoverpa armigera]
 N Y Y Y Aminopeptidase Digestion 
475 386 AAP44965.1| midgut class 2
aminopeptidase N [Spodoptera
exigua]
     Aminopeptidase Digestion 
7 255 AAP37951.1| midgut aminopeptidase
N2 [Helicoverpa armigera]
Y     Aminopeptidase Digestion 
449 224 ACA35025.1| aminopeptidase N-6
[Helicoverpa armigera]
Y N Y Y N Aminopeptidase Digestion Complete
481 129 AAT99437| aminopeptidase N
[Spodoptera exigua]
Y N N N Y Aminopeptidase Digestion M + V
1 974 ACG69475.1| astacin [Spodoptera
frugiperda]
Y N N N N Astacin Digestion Complete
418 254 XP_001606826.1| carboxypeptidase
A-like [Nasonia vitripennis]
Y N Y Y Y Carboxypeptidase Digestion Complete
393 260 XP_001851495.1| zinc
carboxypeptidase A 1 [Culex
quinquefasciatus]
Y N N Y N Carboxypeptidase Digestion Complete
492 576 CAF25189.2| carboxypeptidase
precursor [Helicoverpa armigera]
Y N N N N Carboxypeptidase Digestion Complete
480 1364 ACN69214.1| caboxypeptidase 4
[Mamestra conﬁgurata]
Y N N Y Y Carboxypeptidase Digestion Complete, M + V
372 5751 ACU00133.1| chymotrypsin-like
protein precursor [Spodoptera litura]
 N N Y N Chymotrypsin-like protein Digestion 
373 5751 ACU00133.1| chymotrypsin-like
protein precursor [Spodoptera litura]
     Chymotrypsin-like protein Digestion 
15 150 ABF71570.1| glycosyl hydrolase
family 31 protein [Bombyx mori]
 N N Y Y Glycosyl hydrolase Digestion 
473 2376 ACR15993.2| serine protease 38
[Mamestra conﬁgurata]
Y N N N N Serine protease Digestion Complete
526 828 ADM35105.1| serine protease 36
[Mamestra conﬁgurata]
Y N N N N Serine protease Digestion Complete
438 689 NP_001182391.1| alpha amylase
[Bombyx mori]
Y N N Y N Transporter-like amylase Digestion Complete, M + V
509 126 XP_001847529.1| alpha-amylase
[Culex quinquefasciatus]
 N N Y Y Transporter-like amylase Digestion 
378 5609 ADA83702.1| trypsin [Helicoverpa
armigera]
Y N N N N Trypsin Digestion Complete, M + V
20 434 ABW98673.1| chitin-binding protein
[Spodoptera exigua]
     Chitin-binding protein Peritrophic membrane 
22 434 ABW98673.1| chitin-binding protein
[Spodoptera exigua]
Y     Chitin-binding protein Peritrophic membrane 
23 353 ABW98673.1| chitin-binding protein
[Spodoptera exigua]
Y     Chitin-binding protein Peritrophic membrane 
465 525 ABW06596.1| intestinal mucin
[Spodoptera exigua]
 N N N N Intestinal mucin Peritrophic membrane 
474 147 ACO25162.1| midgut protein Lsti99
[Loxostege sticticalis]
Y N N Y Y Midgut protein Lsti99 Peritrophic membrane Complete
437 479 AAS89976.1| peritrophin membrane
protein 1 [Spodoptera frugiperda]
     Peritrophin Peritrophic membrane 
29 288 AAS89976.1| peritrophin membrane
protein 1 [Spodoptera frugiperda]
Y     Peritrophin Peritrophic membrane 
443 121 NP_001040198.1| mitochondrial
aldehyde dehydrogenase [Bombyx
mori]
 N N Y N Aldehyde dehydrogenase Protection M + V
4 126 NP_001040198.1| mitochondrial
aldehyde dehydrogenase [Bombyx
mori]
N N N N N Aldehyde dehydrogenase Protection Complete, M + V
486 1364 AAX94729.1| ferritin light chain
[Trichoplusia ni]
Y N N Y N Ferritin Protection Complete, M + V
563 303 ABD85119.1| juvenile hormone
epoxide hydrolase [Spodoptera
exigua]
N Y Y Y Y JH epoxide hydrolase Protection Complete
428 59 ABU62829.1| serpin-2 [Spodoptera
exigua]
N     Serpin Protection 
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436 280 ABW96360.1| thioredoxin peroxidase
[Helicoverpa armigera]
Y N N N Y Thioredoxin peroxidase Protection Complete
511 8 NP_001040464.1| thioredoxin
peroxidase [Bombyx mori]
     Thioredoxin peroxidase Protection 
434 60 NP_001127734.1| neuropeptide
receptor B3 [Bombyx mori]
N Y N Y Y Neuropeptide receptor Receptor Complete
30 57 CAI06089.1| putative annexin IX-B
[Manduca sexta]
N  N Y Y Annexin IX Secretory machinery Complete
430 363 EFN68813.1| calmodulin
[Camponotus ﬂoridanus]
 N N Y N Calmodulin Secretory machinery 
119 226 XP_001846164.1| gelsolin [Culex
quinquefasciatus]
N N N Y N Gelsolin 1 Secretory machinery Complete
32 70 XP_975112.2|myosin-VIIa [Tribolium
castaneum]
 N N N Y Myosin-VIIa Secretory machinery 
467 21 XP_973832.1| solute carrier family
25, member 38 [Tribolium castaneum]
N Y N N Y Solute carrier family Transporter Complete
47 183 NP_001091764.1| 14-3-3 epsilon
protein [Bombyx mori]
N N N Y Y Epsilon Unknown Complete
48 42 NP_001040382.1| FK506-binding
protein [Bombyx mori]
N N N Y Y FK506-binding protein Unknown Complete
664 41 BAD93613.1| protein disulﬁde-
isomerase like ERp57 [Bombyx mori]
Y N N N N Protein disulﬁde-isomerase Unknown Complete, M + V
531 2332 ACF05615.1| actin 3 [Bombyx
mandarina]
 N N N Y Actin 3 Cytoskeleton, signaling 
408 136 gb|EAT46255.1| ﬁmbrin/plastin
[Aedes aegypti]
N N N Y N Fimbrin/plastin Cytoskeleton, signaling Complete
SP, signal peptide; TL, transmembrane loop; GPI, glycosyl phosphatidyl-inositol anchor; N-gly, N-glycosylation predicted; O-gly, O-glycosylation predicted; Y, found; N, not
found; M + V, present in microvilli and in microapocrine vesicles. The fasta sequences of all contigs are in the Supplementary Table 3.
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from which 50 sequences are listed in Tables 3 and 4 and 42 se-
quences were discarded from further analysis, because they were
considered to be contaminants of the microapocrine vesicle prep-
aration or were too small to be safely identiﬁed. The last sequences
are shown in Supplementary Table 2.
Microapocrine proteins are classiﬁed in the same functional
classes as microvillar ones, except that receptors are absent
(Fig. 2). Most sequences are found under digestive enzymes,
protection, PM associated proteins and transporters. Digestive en-
zymes are mostly lipase and aminopeptidase (Fig. 2).Fig. 2. Abundance of sequences found in microvillar (MV) and microapocrine vesicles (V)
individual enzymes. Abbreviations of classes: C,S, cytoskeleton and signaling; DE, digest
receptor; SM, secretory machine components; TRA, transporter; UNK, unknown. Abb
aminoacylase; APN, aminopeptidase; AST, astacin; CES, carboxyl/choline esterase; CAR,
gastric lipase; GLY, glycosyl hydrolase; ILIP, inactive lipase; LIP, lipase; SER, serine pep
trypsin.Table 3 lists the proteins predicted to be secreted by microapo-
crine secretion. The criteria used to select these proteins among
those recovered from microapocrine vesicles were: (1) they have
a predicted signal peptide and (2) they are supposed to act in the
luminal content in digestion, detoxiﬁcation mechanism or associ-
ated with the peritrophic membrane. Two protein disulﬁde isom-
erase sequences were included here because, although their role
is unknown, they are supposed to be involved in protection.
Table 4 shows predicted proteins that has no signal peptide or
are incomplete lacking the N-terminus. Proteins associated with
digestion, PM, and protections are probably secreted.samples separated into functional classes and inside the digestive enzyme class into
ive enzymes; PM, peritrophic membrane associated proteins; PRO, protection; REC,
reviations of digestive enzymes: ALP, alkaline phosphatase; AMY, amylase; AAC,
carboxypeptidase; CHY, chymotrypsin; DIP, dipeptidase; ENU, ectonuclease; GLIP,
tidase; SPD, sphingosine phosphodiesterase; TAMY, transporter-like amylase; TRY,
Table 3
Contigs coding for proteins propably secreted by microapocrine secretion or carried from midgut microvilli from Spodoptera frugiperda midguts.




Predicted protein Putative function Obs
420 2057 AAO13754.1| AF280891_1 alpha-amylase [Spodoptera
frugiperda]
Y N N N N Alpha-amylase Digestion Complete,
M + V
656 520 EFN65223.1| aminoacylase-1 [Camponotus ﬂoridanus] Y N N Y Y Aminoacylase Digestion Complete,
M + V
546 3701 AAP44964.1| midgut class 1 aminopeptidase N
[Spodoptera exigua]
Y Y Y N Y Aminopeptidase Digestion Complete,
M + V
630 350 AAP44965.1| midgut class 2 aminopeptidase N
[Spodoptera exigua]
Y     Aminopeptidase Digestion 
481 129 AAT99437| aminopeptidase N [Spodoptera exigua] Y N N N Y Aminopeptidase Digestion M + V
710 59 ABV60310.1| putative carboxypeptidase A [Lutzomyia
longipalpis]
Y     Carboxypeptidase Digestion 
480 1364 ACN69214.1| caboxypeptidase 4 [Mamestra
conﬁgurata]
Y N N Y Y Carboxypeptidase Digestion Complete,
M + V
490 694 ABR88238.1| chymotrypsin-like protease C8 [Heliothis
virescens]
Y     Chymotrypsin-like
protein
Digestion 
556 228 ABR88239.1| chymotrypsin-like protease C9 [Heliothis
virescens]
Y     Chymotrypsin-like
protein
Digestion 
518 416 NP_001040490.1| ecto-nucleotidase [Bombyx mori] Y     Ecto-nucleotidase Digestion 
673 1589 AEB26288.1| gastric lipase-like protein [Epiphyas
postvittana]
Y N N Y N Gastric lipase-like protein Digestion Complete
287 789 ACB54946.1| inactive lipase [Helicoverpa armigera] Y Y N N Y Lipase, inactive Digestion 
448 397 BAD22559.1| lipase [Antheraea yamamai] Y N N Y N Lipase Digestion 
549 478 ACB54943.1| lipase [Helicoverpa armigera] Y N N Y N Lipase Digestion 
584 293 ACB54944.1| lipase [Helicoverpa armigera] Y N N Y N Lipase Digestion Complete
379 1094 ACD37363.1| pancreatic lipase 1 [Mamestra
conﬁgurata]
Y Y N Y N Lipase Digestion Complete
398 478 ACR15983.2| serine protease 33 [Mamestra
conﬁgurata]
Y N N Y Y Serine protease Digestion Complete
522 177 ACR15979.2| serine protease 40 [Mamestra
conﬁgurata]
Y N N Y Y Serine protease Digestion Complete
537 176 XP_003402022.1| sphingomyelin phosphodiesterase
[Bombus terrestris]
Y N N Y N Sphingomyelin
phosphodiesterase
Digestion Complete
438 689 NP_001182391.1| alpha amylase [Bombyx mori] Y N N Y N Transporter-like amylase Digestion Complete,
M + V
378 5609 ADA83702.1| trypsin [Helicoverpa armigera] Y N N N N Trypsin Digestion Complete,
M + V
486 1364 AAX94729.1| ferritin light chain [Trichoplusia ni] Y N N Y N Ferritin Protection Complete,
M + V
419 899 AAK39636.1| ferritin heavy chain-like protein
[Manduca sexta]
Y N N N N Ferritin Protection Complete
459 1189 ACB54951.1| polycalin [Helicoverpa armigera] Y N Y Y Y Polycalin Protection Complete
424 1620 ADB43611.1| chitin deacetylase 5a [Helicoverpa
armigera]
Y N N N N Chitin deacetylase Peritrophic
membrane

416 147 NP_001037171.1| protein disulﬁde isomerase [Bombyx
mori]
Y N N N Y Protein disulﬁde
isomerase
Unknown Complete
664 41 BAD93613.1| protein disulﬁde-isomerase like ERp57
[Bombyx mori]




715 189 XP_003425564.1| renin receptor-like isoform 2
[Nasonia vitripennis]
Y Y N Y N Vesicular protein, renin
receptor
Unknown Complete
Abbreviations as shown in Table 2. The fasta sequences of all contigs are in the Supplementary Table 3.
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Six aminopeptidases have sequences complete enough to be
compared with sequences pertaining to identiﬁed classes from
other lepidopterans. S frugiperda sequences group into the classes
1, 2, 3, 5, and 6, from which SfAPN546 (class 1) is the most ex-
pressed (3701 reads). SfAPN591 branches with no known amino-
peptidase class (Fig. 3). Microvillar APN are found in classes 1, 3,
5, and 6, whereas the microvillar APNs pertain to class 2 or does
not belong to any described class (Fig. 3).
Thereare three S. frugiperdaamylase sequences that are complete
(contigs420and438)or are incomplete, buthaveall critical residues
(catalytic and Ca2+-binding residues) (contig 509). SfAmy420 is
found together with other lepidopteran amylases in the cladogram,
whereas contig 438 and 509 form a distinct branch with Bombyx
mori NP_001182391-1 and an amino acid transporter (Fig. 4). It is
not clear the physiological role of these transporter-like amylases.
A short sequence (contig 516) was discounted from the lipase
cladogram (Fig. 5). Six S. frugiperda sequences branch into twomonophyletic groupings (bootstraps 99 and 85) that are similar
to pancreatic lipases. The resemblance with pancreatic lipases is
reinforced by the fact that contigs 452, 456, and 448 have the same
consensus region in the active site (GXSLGAH). Contigs 549, 379,
and 584 have the consensus region similar, but not identical with,
those of pancreatic lipases. Contig 379 has a predicted transmem-
brane loop. It is not clear the meaning of this. Contig 456 may be a
cytoplasmic protein contaminating the microapocrine vesicles,
since it is complete and lacks a signal peptide. Contig 287 is an
inactive lipase.4. Discussion
4.1. Midgut microvillar proteins from S. frugiperda
A total of 66 proteins are predicted to occur in S. frugiperda
microvilli by immunoscreening a midgut cDNA library with
antibodies raised against puriﬁed (cytoskeleton-free) microvillar
Table 4
Contigs coding for proteins found in ectoperitrophic ﬂuid vesicles that could be secreted by microapocrine secretion or are part of the secretory machinery.*







510 1143 EFN78475.1| alkaline phosphatase [Harpegnathos saltator]  N Y Y Y Alkaline phosphatase Digestion 
663 588 AAT99437.1| aminopeptidase N [Spodoptera exigua]  N Y Y Y Aminopeptidase Digestion M + V
591 19 BAJ14788.1| aminopeptidase T [Sus scrofa]  N N Y N Aminopeptidase Digestion 
468 10 ADF43478.1| carboxyl/choline esterase [Helicoverpa
armigera]
     Carboxyl/choline
esterase
Digestion 
577 202 XP_321914.4| AGAP001240-PA [Anopheles gambiae]  N Y Y Y Carboxypeptidase
(prolyl)
Digestion 
505 61 EFN86663.1| Xaa-Pro dipeptidase [Harpegnathos saltator]      Dipeptidase Digestion 
452 307 ACB54943.1| lipase [Helicoverpa armigera]  N N N Y Lipase Digestion 
516 789 ACB54946.1| inactive lipase [Helicoverpa armigera]  N N Y Y Lipase Digestion 
498 7116 ACR15986.2| serine protease 11 [Mamestra conﬁgurata]  Y N N Y Serine protease Digestion 
425 415 ACD37362.1| chitin deacetylase 1 [Mamestra conﬁgurata]  N N N Y Chitin deacetylase Peritrophic
membrane

423 904 AAP33177.1| peritrophin 1 [Mamestra conﬁgurata]  N N Y N Peritrophin Peritrophic
membrane

429 904 AAS89976.1| peritrophin membrane protein 1 [Spodoptera
frugiperda]
 N N Y Y Peritrophin Peritrophic
membrane

4 126 NP_001040198.1| mitochondrial aldehyde dehydrogenase
[Bombyx mori]




443 121 NP_001040198.1| mitochondrial aldehyde dehydrogenase
[Bombyx mori]
 N N Y N Aldehyde
dehydrogenase
Protection M + V
458 1189 NP_001037071.1| chlorophyllide A binding protein
precursor [Bombyx mori]
 N Y Y Y Chlorophyllide A
binding protein
Protection 
660 48 XP_971906.1|secretory carrier-associated membrane
protein [Tribolium castaneum]
 Y N Y Y SCAMP Secretory
machinery

707 455 BAA99405.1| cadherin-like membrane protein [Bombyx
mori]
     Cadherin-like protein Cytoskeleton,
signaling

533 278 NP_001093278.1| actin-depolymerizing factor 1 [Bombyx
mori]
N N N N Y Coﬁlin Cytoskeleton,
signaling
Complete
435 719 CAA45537.1| H(+)-transporting ATPase [Manduca sexta] N N N Y N ATPase Transporter Complete
500 224 NP_001040138.1| vacuolar ATPase subunit C [Bombyx mori]  N N Y N ATPase Transporter 
631 17 XP_973694.1|organic cation transporter [Tribolium
castaneum]
 Y N Y Y Organic cation
transporter
Transporter 
716 28 EFN77600.1|solute carrier family 12 [Harpegnathos saltator]      Solute carrier family Transporter 
Other abbreviations as in Table 2. The fasta sequences of all contigs are in the Supplementary Table 3.





























Fig. 3. Cladogram (neighbor joining) of aminopeptidase sequences from lepidopt-
erans and S. frugiperda (identiﬁed as SfAPN plus a contig number). Branches
corresponding to partitions in less than 50% replicates (10,000) were collapsed. The
Helicoverpa armigera (Ha), Spodoptera exigua (Se) and Spodoptera litura (Sl)
sequences are: Haclass1 AAL34109, Haclass2 HaAAW72993, Haclass3 AAL14117,
Haclass4 AAP37950, Haclass5 AAK85539, HaClass6 Eu328183, Haclass7 Eu 328183,
Seclass1 AAP44964, Seclass2, AAP44965, Seclass3 AAP44966, Seclass4 AAP44967,






















Fig. 4. Cladogram (neighbor joining) of amylase sequences from lepidopterans and
S. frugiperda (identiﬁed as SfAmy plus a contig number), an amino acid transporter
(AAB26524) and an organic acid transporter (CAB77184). Branches corresponding
to partitions in <50% replicates (10,000) were collapsed. The other sequences are:
Bombyx mori BmAmy ACT64133.1, BmNP001182391.1; Diatraea saccharalis DsAm-
y1 AAP92665.1, DsAmy2 AAP97393.1, DsAmy3 AAP97394.1; Helicoverpa armigera
HaAmy1 ABU98614.1, HaAmy2 ABU98613.1.
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contaminants. Thus a total of 48 proteins were associated withmicrovilli preparations, almost doubling the number (27) of micro-
villar proteins identiﬁed by Ferreira et al. (2007) and other authors
(Candas et al., 2003; McNall and Adang, 2003; Krishnamoorthy
et al., 2007; Bayyareddy et al., 2009; Popova-Butler and Dean,
2009; Pauchet et al., 2009).
The protein functions were classiﬁed into 8 groups: (1) diges-
tive enzymes (amylase, aminoacylase, aminopeptidase, astacin,
carboxypeptidase, chymotrypsin, glycosyl hydrolase, serine prote-

















Fig. 5. Cladogram (neighbor joining) of lipase sequences from S. frugiperda
(identiﬁed as SfLip plus a contig number) and similar sequences. SfInLip is an
inactive S. frugiperda lipase. Branches corresponding to partitions in <50% replicates
(10,000) were collapsed. GPLRP2, Cavia porcellus galactolipase, pancreatic lipase
releated protein; HPL Homo sapiens pancreatic lipase, DolmA1, Dolichovespula
maculate phospholipase A1.
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lase, thioredoxin peroxidase); (4) transporters (proton pumps, sol-
ute carriers); (5) receptors (neuropeptide receptor); (6) secretory
machinery (annexin IX, gelsolin, myosin 7a, calmodulin, ﬁmbrin,
plastin); (7) cytoskeleton, signaling (actin and ﬁmbrin); (8) un-
known (epsilon, FK 506-binding protein, protein disulﬁde
isomerase).
The predicted proteins that are complete were analyzed with
bioinformatics tools looking for features associated with: (1) plas-
ma membrane insertion (signal peptide plus transmembrane loop
or GPI-anchor); (2) secretion (only having signal peptides); or (3)
cytoplasm location (proteins having none of the mentioned
features).
Predicted proteins in the three classes are (Tables 2–4): (class 1)
all aminopeptidases, one carboxypeptidase (contig 418), one trans-
porter (contig 467) and an unknown receptor (contig 434); (class
2) amylase, astacin, some carboxypeptidases, ferritin, midgut pro-
tein Lsti 99, serine proteases, thioredoxin peroxidase, trypsin;
(class 3) aldehyde dehydrogenase, proton pump. True microvillar
proteins are expected to be identiﬁed only in class 1, whereas those
in class 2 should be secreted by microapocrine secretion and also
found contaminating microvilli preparations. Finally, class 3
proteins should be cytoplasmic proteins carried out by microapo-
crine vesicles on budding (thus also contaminating microvilli
preparations).
Aminopeptidases are typical true microvillar proteins in S. fru-
giperda midguts. They are classiﬁed among 5 (Fig. 3) of the known
classes (Angelucci et al., 2008) from which SfAPN546 (class 1) is
the most expressed (3701 reads).
In agreement with the previous conclusions, most proteins in
class 2 are also found in microapocrine vesicles. The exceptions
may result from a failure in the immunoscreening with antibodies
against microapocrine vesicles or a failure in the identiﬁcation of a
structural feature for membrane insertion.
Trypsin and amylase are membrane-bound (Eguchi et al., 1982;
Kuriyama and Eguchi, 1985; Santos et al., 1984) and shown to oc-
cur in microapocrine vesicles and be partly incorporated into PM.
This incorporation is signiﬁcant as washed peritrophic membranes
may contain up to 13% and 18% of the midgut luminal activity of
amylase and trypsin, respectively (Ferreira et al., 1994). Mem-
brane-bound trypsin and amylase were treated with papain, deter-
gents and GPI-phospholipase. The data suggested that both
proteins were bound to cell membranes via a hydrophobic peptide
(Jordão et al., 1999).
A single protein was predicted to be a trypsin (contig 378),
which is highly expressed (5609 reads) and arguably should corre-
spond to the trypsin activity assayed in midgut contents. This se-
quence, however, have no transmembrane loop (or GPI-anchor)
inferred with bioinformatics tools. Thus, trypsin putatively re-mains attached to vesicle membrane by the signal peptide that
failed to be cleaved. Then trypsin is freed into the midgut lumen
on activation with propeptide cleavage at R22. However, this de-
mands further investigation.
Two complete sequences were predicted to be amylases from S.
frugiperda midguts and be released by microapocrine secretion:
one (contig 420) is homologous to digestive amylases, whereas
the other (contig 438) is a transporter-like amylase (Ferreira
et al., 2007). The ordinary amylase is by far the most expressed
amylase (2057 reads against 689 reads for the other one). This pro-
tein should correspond to the amylase activity assayed in midgut
contents. However, this sequence has no transmembrane loop (or
GPI-anchor) inferred with bioinformatics tools. Thus, as discussed
for trypsins, amylase putatively remains bound to the vesicle by
the signal peptide. More research is necessary to settle this subject.
4.2. Microapocrine secretion in S. frugiperda
Microapocrine vesicles bud from the microvilli as a double
membrane vesicle and may be collected by centrifuging the saline
obtained by rinsing the luminal surface of the midgut tissue
(Fig. 1). These vesicles have been previously shown to carry diges-
tive enzymes (like amylase, carboxypeptidase, and trypsin), includ-
ing some inserted in microvillar membranes (like aminopeptidase)
and peritrophin (Ferreira et al., 1994; Bolognesi et al., 2001). These
vesicles deliver their contents into the ectoperitrophic ﬂuid (lumi-
nal contents between tissue and PM) and in part are incorporated
into the luminal jelly portion of PM, thus explaining the enzyme
activities bound to PM (Ferreira et al., 1994; Bolognesi et al., 2001).
The microapocrine vesicles that bud from microvilli are divided
into 4 compartments: (1) the external membrane originating from
the microvillar membrane; (2) the space between the external and
internal membrane that contain microvillar cytoplasmic proteins,
probably cytoskeletal proteins and proteins associated with micro-
apocrine secretory machinery; (3) the internal membrane which is
the membrane of a secretory vesicle and, ﬁnally, (4) the internal
compartment, which corresponds to the contents of the secretory
vesicle and include the truly secreted proteins. Proteins typical in
other cell compartments (e.g. mitochondrial oxidases) are seen as
‘‘accidents’’ of the microapocrine secretory process.
In spite of the clear deﬁnitions of compartments above, their
experimental separation was not possible, because of cross con-
tamination and the unexpected behavior of some proteins, like
amylase and trypsin. As seen before, microvillar preparations con-
tain, in addition to the expected contamination by proteins derived
from mitochondria and other organelles, proteins with no pre-
dicted transmembrane loops or GPI-anchors. One possibility that
was suggested before is that microvillar membranes are contami-
nated by budding microapocrine vesicles, and their associated
machinery.
Taking into account the former discussion, the proteins actually
secreted by microapocrine secretion may be those listed in Table 3
that have a predicted signal peptide, but lack a predicted trans-
membrane loop or GPI-anchor. Most of those proteins are digestive
enzymes (amylase, aminoacylase, carboxypeptidase, lipases, serine
protease, phosphodiesterase, trypsin), but the list also includes
proteins involved in protection (ferritin and polycalin) and PM for-
mation (chitin deacetylase).
The criteria used to identify proteins secreted by the microapo-
crine secretory process were supported by the demonstration that
amylase and trypsin are secreted through microapocrine vesicles
by two methods. The ﬁrst was by showing that the speciﬁc activi-
ties of those enzymes are higher in the microapocrine vesicles than
in tissue and microvilli (Table 1). The other was by using heterol-
ogous antibodies, in which case amylase and trypsin were found
by immunocytochemical methods, with the help of an electron
W. Silva et al. / Journal of Insect Physiology 59 (2013) 70–80 79microscope, to be associated with small vesicles budding from the
microvilli in the anterior midgut of S. frugiperda (Jordão et al.,
1999; Bolognesi et al., 2001). By the same methods, a peritrophin
was also found being released from double membrane vesicles
budding from the microvilli from the anterior midgut of S. fru-
giperda (Bolognesi et al., 2001).
Further support for the procedure used to identify proteins re-
leased by microapocrine secretion came from the lack of cellobiase
and maltase from Table 3. These enzymes are thought to be se-
creted by exocytosis, based on midgut cell fractionation data
(Ferreira et al., 1994) and by their lower speciﬁc activity in micro-
apocrine vesicles relative to microvilli and midgut cells (Table 1).
Carboxypeptidases A was found as a soluble and a membrane-
bound activity in midgut cell fractionation studies (Ferreira et al.,
1994) and its speciﬁc activity increases from the midgut tissue to
PM contents. This is similar to what was described for amylase
and trypsin and may be interpreted as carboxypeptidase A being
truly present in microapocrine vesicles, contaminating the micro-
villi preparations and being accumulated in PM contents. However,
as one of the predicted carboxypeptidases A (contig 48) has a pre-
dicted GPI-anchor, it is highly probable that the membrane-bound
activity is a truly microvillar protein, whereas the soluble ones are
released by microapocrine secretion.
Six lipases are similar to pancreatic lipases and ﬁve are sup-
posed to be released by microapocrine secretion. One of the
pancreatic lipases (contig 379) has a puzzling predicted trans-
membrane loop. Only one gastric lipase (contig 673) was found
in microapocrine vesicles.
Except for proteins thought to be part of the secretory machin-
ery and transporters, other predicted proteins that are secreted by
microapocrine secretion are listed in Table 4, in spite of lacking
data on signal peptides. Most putative secretory proteins (amino-
peptidase, carboxyl esterase, prolyl carboxypeptidase, lipase, and
serine protease) are digestive enzymes with few proteins involved
in protection and PM. The ATPases (contigs 435 and 500) are prob-
ably coding for proton pumps that acidify the vesicle contents as is
usual in secretory vesicles (Alberts et al., 2008). The organic cation
transporter (contig 631) may derive from the microvillar mem-
brane, although there is no experimental support for this claim.
Predicted proteins that are supposed to be involved in the secre-
tory machinery are listed in Tables 2 and 4. The predicted proteins
calmodulin, annexin, myosin 7a and, gelsolin 1 are not anchored.
They might be recovered in the microvillar membrane preparations
because putatively they associate with membranes or with cysto-
skeleton elements found contaminating the preparations.
Calmodulin, annexin, myosin 7a, and gelsolin 1 putatively inter-
play in the microapocrine secretory process of digestive enzymes
described in S. frugiperdamidgut (Ferreira et al., 1994, 2007; Jordão
et al., 1999; Bolognesi et al., 2001) but further work is necessary to
settle this subject.
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